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48STRACT States GeologicalSurvey (USGS)eatixatedthe in-plac~
gas of the AppalachianSesin Devonianshales to be

This study io part of the Departmentof Energy’s S77-1,1OOTcf (1) (1.6 X 101s-3.1X 101%s) with 85-
EasternGas Shales rese~rchwhose priaary objectiveie 160 Tcf (2.4 x 1012-4.5x 101%s) locatedin ●reas of
to increasethe gas reservesfor the Devonianshales historicalshale gas production. As of 1976,only
in the Appalachian,Illinois,and ?lichiganResins. ●bout 3 Tcf (8.5 x 10IOms) of this larce resourcehad
rhe study simulatedthe effect of using horizontal been producedby ●bout 10,000vertical welle (2).
wells to increasethe recovery●fficiencyof shale gae Gae productionfrom the shalea baa not increasedsub-
from two specificaitea: Wayne County,West Virginia, stantiallysince this time ●lthoughthe number of
whereverticalwell gas productionhaa been hiatoli- shale wells ia now in ●xceaa of 12,000.
tally high and no permeabilityanisotropyis thought
to exist, and tieigsCounty,Ohio, an area with a hia- Earlier effortsby DOE (3) showed that only 10-
tory of ❑oderate gas productionand a calculatedper- 20 percent of the availableshale $ae was being pro-
meabilityanisotropyof approximately8:1. duced with stimulatedverticalWC1lS. Analysisof

ahalc gas productionmechanismsindicatedthat an
In this study, a three-dimensional,dual-porosity incressein the amountof surfacearea connectedto

reservoireimulatorwas used to characteri~ethe study the boreholeby fracturescould cause more of the
areas after sensitivityanalyaeswere made to deter- adsorbedgaa to be releasedand producedover the
mine those parameterssignificantin determininggae entire life of the well, This potentialincreaeein
productionprofiles. Once the etudy areaa were char- recoveryefficiencywae thoughtto be achievable
acterized,the 20-yearproductionprofile for a 2,000- uaing a directionallydrilledhorizontalwell to
foot (610-meter)horizontalwell waa simulstedfor croaa nstural fracturesorthogonally. Afterwardathe
three well locationsin Wayne County and one location horizontalwell would be stimulatedto increasethe
in Meigs County. The performance for severalverti- surfacearea in contsctwith the borehole. Thie
cal wells were alao simulatedand comparedwith those study was undertakento inveatLgatethe feasibility
for their correspondinghorizontalwells in Wayne
County.

of using horizontalwells in Devonianahalra.
Reaulta of the aimulstionshowed that a hori-

zontalwell could produce eeven to ten t.imeamore gaa CANDIDATESITES FOR HORIZONTALWSLLS
than a verticalwell placed at the same locationfor
the Wayne County cite, In the tleigaCounty area, the Two areaa having differentgeologicproperties
study ehowed that permeabilitysniaotropyis an impor- were selectedfrom a site selectionscreeninssurvey
tant factor in determiningthe orientationthat a
horizontalwell should be drilled.

that was completedin August 1986. Iloredetaile on
Furthermore,the the Wayne County horizontalwell site selection

study concludedthat horizontalwells are more effi - activityare describedin SPE 16410 (SPE/fMELow Per-
cient than verticalwells in producingDevonianshale meabilityReservoira8ymposium,Denver, Colorado,
gas from a fixed volume of rock. May 1987) (4), Within the geologicallymost favora-

INTRODUCTION
ble area, reservoirsimulationwae used to determine
where in the Wayne County area (Figure1, Wileondule
and Webb Quadrangles)a 2,000-foot(610-meter)hori-

The U.S. Departmentof Energy (DOE) hat been con- zontal shale well shouldbe drilled to measure the
ducting researchto determineeconomicalwaya of pro- effect of horizontaldrillingon recoveryefficiency.
ducing naturalgaa from Devonianshale for over
10 yearam

Results from this simulationetudy showed that hori-
In supportof this research,the United zontalwells have high potentialfor producinglarge

Referencesand illustration at end of paper. 217
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~olumesof natural gas and could produce several
:imasthe productionfrom ● verticalwell placed at
~hesame location. This concept Is currentlybeing
:estedat locttionWSW2 in Fi@re 2.

The tfei8sCounty site (Figure3) was investigate
!orcomparisonbecauae the geology is less complex ●n
}ecause● large ●mount of reservoirdata was availebl
~roman extensivefield test conductedin 1981 (5).
[n this ●rea the reservoirwas known to have a permea
jilityanisotropyratio of 8:1. DOE was interestedi
mowing how ●nisotropy●ffecta the performanceof ●

horizontalwell that might be placed in this area.
Ieservoirdata from DOE’s earlier field tezt in this
!reaprovidedthe baselineinformationfor the simula
:ion. The field test basicallyconsistedof the
irillingof two offsets to an existingbase well, the
!xtractionand ●nalysiaof cores, ●nd ● seriesof pro
~uctiondrawdowo/buildupinterferencetestz. Accord-
h@y, measurement were ●vailableon the following:
(1) flow characteristicsof gas in fracturedshale,
(2) orientation●nd distributim of nstural fractures
(3) storage ●id releasemechaniamxof Ea. frcg the
Bhale,●nd (4) directionalCas flow ●nd its impact on
productionpractices.

SINUS WSLL ANALYSIS

The radial flow option of e three-dimensional,
dual-porosityreservoirsimulator(6,7) wat used to
historymatch 25 individualwells in Wayne County by
varyingfracturepermeability,kf, ●nd thickness, h,
which had the moat effect on model output ●s deter-
mined from sensitivity ●nalyses. The way the model
describes the storage ●nd flow mechanims of gas in
~hale is depicted in Figure 4. The 25 wells were
rnelected from ●n originalset of 38 in ● 16 mia
(41 ksi2)●rea baaed on the criteria that ● well had ●

least 5 years of productionhistory●nd was producini
~xcluaivelyfrom shale, Several model input parame-
ters were held constantfor the historymatching●xex
cise and their values are limted in Table 1, These
valueswere obtsined from a previousDOE study (S),
The individualhistorymatchingwas necessaryto
obtaina base set of values for the reservoirproper-
ties within the study area which would account for
variation in the productiveperformancethroughout
the area. The resultantdata aeta providedthe base
caze for beginningthree-dimensional,multiwellsimu-
lations. The range of valuea determinedby the indi-
vidualwell historyare listed in Table 2 for the
Wayne County site.

Individualwell historymatchingwas performed
for 15 Meiga County wells in a 7.5 miz (19 km2) area
in order to characterizethis area. The fixed paramt
tern were rn8aintaken from a previousDOE study (9)
and are listed in Table 3. The moat significantgaa
productioncontrollingpararoeteradeterminedby hiz-
tory matching●re listed in Table 4. Again the data
obtainedfrom the individualmatchea providedthe bal
caae for beginningthree-dimensional,multiwellzimu.
lation in Reigs County,

Since the primary analyaistool used in this
ztudy waa ● dual-porosityreservoirsimulator,it ia
importantto understandhow the ❑odel works ●nd what
ia involvedin historymstchin8, The dual-porosity
model simulates●nd predictsproductionperformance
from a naturallyfracturedreservoir, It depictz a
dual-porositysystem in which gaa ia stored in the

IN DEVONIANSSALE

Ehale matrix (less permeable portion of the shale)
ond subsequently released into the natural fracture
metwork, which provides ● tranaport mechanism for the
Baa when linked to the borehole. History matching
consists of adjustinginput parametersfor ● model
ontil the simulatedwell or field performance is
closeto the ●ctual historicalperformance.

NIJLTIWELLANALYSIS—

Effect of Site on Performance—

For the Wayne County study area, contourmapa
were determinedfor current rock pressure,k , h, and

ikf~h after minor adjustmentswere made in th kf ●nd
h profiles from individualwell historymatching ●o
the productionperformancefor wells in ● reduced
●rea matched both individuallyand collectively. The
original16 miz (41 km2) area waa reduced to 2 miz
(5 kma) containing●even ●ctive verticalwells in
order to expedite c~uter turnaround time. A three-
dimensionalreservoirsimulator waa used for this
Study . Using this model, the performance of a verti-
cal or horizontal well was sklated for vcrious
sites in the smeller study ●rea. (See H8ure 2.)
Also, shown im Figure 2 ● re the locatione of the
seven ●ctual vertical wells, WI-WY, in the reduced
study ●rea ●lomg with the cites of three 2,000-foot
(610-meter) horizontal wells whose performances were
simulated. Table 5 shows the completiondates for
the ●even wells ueed in the ●nalysis along with their
cumulative production values ●s of the end of 1985.

lha simulated per fomemces of three 2,000-foot
(610-meter) horizontal wells were detemined for the
locations wHWl, WNW2, ●nd IIMW3(Fiwre 2) using the
followint procedure. First vertical well production
waa ●imulated (for production starting in 1932) ●nd
then subsequentverticalwells were ●dded ●t appro-
priate times ●nd the entire ●even well ●et waa ai,u-
lated until 1985. At this point ● horizontal well
waa placed on line at site WNWl and its performance
was simulateduntil 2005 (20 years). The performance
of ● verticalwell locatedat the “beat” zite (high-
●st k ‘h value) was ●lso zimulatedfor the same
20-ye~rperiod. The ●mount of gaa stolen from the
seven actual verticalwelle waz calculated●nd is
designatedas interferencein this paper. The hori-
zontalwells performancewaa detemined for both
stimulatedand uostimulatedcaaea. Then the hori-
zontal well waa simulatedfor other locations(WNW2
●nd WNW3). Data ●nalyais showed that a wide varia-
tion in productionby ● 2,000-foot(610-meter)hori-
zontalwell exiata at the Wayne County site; for
example,the productionwaa 149 MMcf (4.2 x 106ms)
for WSW3 ●nd S20 ?l?fcf (2,3 x 107ms) for WffW1. This
means that WNW3 was probably losing its gas to the
verticslwell, W4, which i~ one of the best producing
verticalwells in the area. WNW2 showed the least
interferencewith the existingreservoirwith only
15 tiMcf (4,2 x 10Bms)over the 20-yearperiod. WHW2
is the site of the NSTC horizontalwell ●xperiment.
Another interestingaapect of the simulationwas the
improvementratio of ● horizontalwell over ● verti-
CS1 well at the same site. The ratios ranged from
7:1 for WNWl and WNW2 to 10:1 for WNW3. Thiz ●naly-
aia was only done for unstimulatedwells. These
obaervationaare suuanarizedin Table 6. All of the
simulationsdescribed for the Wayne County site used
a 60 x 70 x 3 grid overlay●nd the aimulationewere
conductedon ● VAX S650.
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Effect of HorizontalWell on DrainageEfficiency five years for gas prices of $2.00/Hcfand $3.50/Ucf.
The analysisshowed that a gaa price of fj3.50/Hcfwas

DOE ●ngineerswere interestedin the comparative requiredto pay out ●n investmentof not more than
drainageefficiencyof ● horizontalwell, In order $687,000 in five yeara ●t 20 percent’rate-of-return.
to answer this question,simulationruns were made The data were generatedusing a discounted-cash-flow
for two verticalwells placed at the end points of ❑odel developedspecificallyfor Devonianshale wells
the 2,000-foot(610-meter)horizontalwell WHW2. ●nd ●re s~rized in Table 8.
This ia equivalentto 72-acre (2.9 x 10SL2)well

An additionalanalysil
was alao undertakento determineif two verticalwell!

spacing (not uncoemonfor verticalshale wells), The could competewith a 2,000-foot(610-meter)horizontal
drainagearea for these two verticalwells was com- well. The horizontalwell waa predictedto have a
pared to that of the horizontalwell WlfW2. Their shorterpayout time ●nd higher ●fter tax profita than
drainageareaa were almoat identicalas ahown in Fig- two verticalwells at any gaa price, These data are
ure 5. However,the 20-year cumulativeproduction aueanariaedin Table 9. Similarly,an analyaiswas
values showed that the horizontalwell was three times conductedfor a stimulatedwell at site HHW in Ueiga
more efficientthan the two verticalwells (urratimu- County. The economicswere not az favorablefor a
lated wells) for producinggas from a fixedvolume of 2,000-foot(610-meter)horizontalwell in Meigs
rock. This analyaiashowa the high potentialof hori- County since an investmentof not more than $255,000
zontalwells to produce gas that ia currentlybeing
left in the groundwith verticalwells in shale

would be requiredto payout ● well in five years at ●

gaa price of $3.50/Hcf. -Thisinformationis surmar-
reservoirs. ized in Table 10, Again, ● horizontalwell was pre-

dicted to have ● shorterpayout time ●nd higher ●fter
Effect of HorizontalWells on tax profits than two verticalwells in f!eigaCounty
Field DevelopmentStrategy for ●ny gaa price. The data are aumarized in

Table 11.
The next simulationwas performedto determine

how effective● 2,000-foot(610-neter)horizontalwel1 CONCLUSIONS
would be in developing ● virgin reservoir. All seven
verticalwells were ●aaumed to produce froa 1932 unti 1 The following conclusion ● re supported by the
the end of 1985 and their cumulative production was ●nalysis presented in this paper:
compared to that of a 2,000-foot (610-meter)stimu-
lated horizontalwell WHW2. The seven verticalwells ● HorizontalWells ● re more effective in draining
zhowed a cumulativeproductionof 4.56 Bcf (1.3 gas from a coqarable vohme of rock than are
x 10sms) while the horizontal well ahowed 4.43 Bcf verticalwells.
(1.25 x 10ams) for the aaanr period. This indicates
that horizontalwells provide a viable development ● To maximizeproduction,horizontalwells need to
option for virgin shale areaa as well aa for infill be drilledorthogonalto the perferredflow
drilling in existingreaervoira. directionassociatedwith the natural fracture

system,
Effect of Anisotropyon HorizontalWell Orientation

● Horizontalwells are more ●conomicalthan verti-
For the Heigs County site, the study area was cal wells for developingan existingreservoir

reduced from 15 wells in a 7,5 mi2 (19 lon2)area to through infill drillingor for developinga
5 wells in a 1.6 miz (4 knrz)area (Figure6) and the virgin reservoir.
same simulationprocedureswere followedfor this
reducedsite as for the Wayne County site using a . Productionfrom horizontalwells, when used for
65 x 60 x 3 grid overlay, Informationfor the verti- infilldrilling,varies with rock pressure,pro-
cal wells in the Mei&s County reducedstudy area is ductive capacity (kf.h), wellboreorientation
shown in Table 7, The Meiga County study was con- with respectto the natural fracturesystem,
ducted primatilyto determinethe effect of permea- and interferencefrom existingwells in the
bility anisotropyon horizontalwell placement. The reservoir.
Heiga County site was known to have a permeability
anisotropyof 8:1 and the Wayne County site was REFERENCES
thought to have no anisotropy. In order to determine ‘—
this effect, a 2,000-foct (610-meter)horizontalwell, ], llEatimatesof unconventionalNaturalGas
ttffWl,waa placed perpendicularto the horizontalbore- Resourcesof the DevonisnShale of the Appala-
hole at MHW. The 20-year cumulativeproductionvaluea chian Basin,” United State6 Departmentof the
for these two wells were significantlydifferent;that InteriorGeologicalSurvey,Open File Report
ia, the simulatedproductionwas 486 MNcf (1,4 No. 82-474,availablefrom USGS, Reston,
x 107m3)when the well, NW, was orientednormal to Virginia.
the preferredflow directionand 205 MMcf (5,8
x 108ma)when the well, MHWl, orientationwaa paralle1 2, Brown, P. J,, “Energy -- From Shale -- A Little
to the preferred flow direction, This 2,4:1 ratio Used NaturalResource,” NaturalGas From Uncon-
ahows that the effect of permeabilityanisotropyon ventionalGeologicSources,Report No. FE-
well locationia significant, =1-1, 1976,pp. 86-99, availablefrom National

TechnicalInformationService, U.S. Department
ECONOMICANALYSIS of Conanerce,Springfield,Virginia.

An economicanalyaiswaa performedfor the atimu- 3. Horton,A. 1., J. C, pfercer,and W. K. Sawyer,
lated horizontalwell (WHW2) in Wayne County, The ~lInfillDrilling for Shale Gas Development: A
objectiveof the analysiswas to determinewhat the Field Case Study,” SPE 11182,Presented●t the
drilling●nd completioncosts would have to be in 57th Annual TechnicalConferenceand Exhibition,
order to have an after tax well payout in three and New ~..-
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TASLS

Single Well Analysis
Constant,Wayne

1

ParametersHeld
County,WV

Parameter Value

Gas DesorptionRate 0.005 scf/paia/cufoot

DrainageRadius 1,000 feet

Natural FractureSpacing 5 feet

t!atrixPorosity 0.01 (1 percent)

Natrix Permeability 5 x 10-a md

FracturePorosity 0.0009 (0.09percent)

PermeabilityAnisotropyRatio 1:1

Average InitialRock Pressure 375 psia

TAMS 2

ParametersDeterminedby History
Matching,Wayne County,WV

Parameter Range _

CurrentRock Pressure 150-300paia

NaturalFracturePermeability,kf .02-.16md

Net producingThickness,h 40-310 feet

Flow Capac.ty,kf.h 1-42 red-feet

TASLR 3

SingleWell AnalyaieParameters
Held Constant,?leigaCounty,OH

Parameter Value

Ga~ DesorptionRate 0.007 scflpnialcufoot

DrainageRadius 850 feet

NaturalFractureSpacing 20 feet

tlatrixPorosity 0.02 (2 percent)

Matrix Permeability 2 x 10-7 d

FracturePorosity 0.00078 (0.078percent)

PermeabilityAnisotropyRatio 8.3:1

Average InitialRock Pressure 680 psia

Net ProducingThickness 56 fezt

———..

TABLS 4

ParametersDeterminedby History
Matching,Meigs County,OH

-_—-—
Parameter Rsnge—. —

CurrentRock Pressure 350-510psia

NaturalFracturePermeability,kf 0,04-0.5md

Flow Capacity,kf*h 2-28 red-feet

.. —.— ——. ——
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TABf,s5

Wayne County Reduced Study Area Data

Comulative-
Completion Production*

Well Date (Mrfcf)

WI 1932 310

W2 1941 382

W3 1942 804

W4 1955 1,370

W5 1960 189

W6 1965 24

W7 1984 13

Field-PredictedCumulativeProductionby Simula-
tion = 3,09s ntfcf.

Actual Field CumulativeProduction= 3,092 HHcf.

* Valuea reportedup to the end of 1985.

TABLE 6

20-YearCumulativeProductionfor Wayne County (tl?lcf)

HorizontalShale Well VerticalShale Well
Well Unsti,mtlated

Improvement
Stimulated Interference Unstimulated Stimulated——— Interference Ratio H:V

w] S20 1,659 187 7s -. 78 10:1

WHW2 502 835 15 75 -- 3 7:1

WHW3 149 589 70 22 .- 20 7:1

——-—— ....-.—-— .—..—— —— .-—..—— .—— ..—-- —.—— — —.— __-— —___

TASLE 7

Meigs County Reduced Study Area Data

—— .-— ——
Cumulative

Completion Production*
Well Date,—-—- .-——— —— ...._ (r.fmcf)——. —

Ml

M2

M3

W

960 207

947 301

931 402

960 375

M5 1954 98

——. _— ——. ..——

Firld-PredictedCumulativeProductionby Simula-
tion = 1,390Mmcf,

Actual Field CumulativeProduction= 1,383MMcf,

* Values reportedup to the end of 1986.
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Waynecounty
2 VerticslVermm1 fforizontal WellEcottrnicAMlysir

TABL2 8

Woync County Horizontal Well Economic Analysin

.—— — ——
Required

AfterTaxes Drilling ●nd

376

20 Years Profit in Cmpleiion

Gas Production 20 Years costs
(foicf) -_—.———— (1986 K$) (19.96 K$)

cane No. I——.—-

GJS Price = $2.00/Hcf 835 467 207

Payout Tim= = 3 Yenrs
ROR = 20 Percent

Casr No. 2———

G.. Price = $2. DOIHcf 835 326
Payout Tim- . 5 Years
RoR = 20 Percent

Case No. 3

Gas Price . $3.50 /flcf 835 855 397
Payout Tim . 3 Yemrs
ROR = 20 Percent

ca*e NC., 4.—. .

Gas Price = $3,50 /flcf 83s 707 687

Payout Ti- = 5 Years
ROR = 20 Percent

——— —-.. — .. ___ —— —— —

TA8LE 10

IieitsCountytforixantalWellEconomic Attalysia

Case Nol I

Gas Price = $2.00IHcf
Payout TImr = .1 Years
N(7R = 20 Percent

CIIS?, N?. .2

I&s Prir. = $’2.0111f9ci
payout Tim . 5 Ye4rn
RoN = 20 Percent

Co.? Nu .1

Cas Prim = $3.50/Hcl
Pay.ut Time = 3 Yearn
NoR z 20 IJrrvrrtt

Can? No, 4

Gau Privr = $.1.’)O/lfrI
PdyoIIt Time = ‘B Yrar~
NOR = 20 Prrce#st

GasPrice AfterTaxProfit(X$)
($Iffcf)

Payout Time (Years)
2 Vertical 1 fforisontal 2 Vertical 1 Horizontal

2. - 78 157 .- 12

2.5 - 16 333 . . 8

3. 51 Slo 15 6.5

3.5 116 687 10.5 5.5

4. 180 863 9 5

4.5 245 1,040 8 4.6

5. 310 1,217 7.4 ‘4

5<5 374 1,394 1 3,4

6, 43% 1,570 6.6 3

6.5 504 1,747 6 2,5

7, 568 1,924 5.5 2.2

1.> 633 2,101 5.2 1.8

8. 698 2,277 b.5 1,4

8.5 762 2,4s4 b 1.2

Are-d Drilling ●nd CMflletion Cwta

$133,000 -- Vertical Wll

$6S7,000 -- 2,000 hot iforisotttallkll(includesvcrtIcalsection)

TA2U 11

t6ci1s Coufm
2 Vertical Vercus 1 160rix0etalGellIcOac@cAfulyais

Required
After Taxen Orilltn: ●nd Ga. price After Tax Profit (K$ )

20 Years Profit in
Payout Tim (Ycsr8)

C09pleti0n ($/ flcf) 2 Vertical 1 Norlmntal
Gas Production 20 Years

2 Vertical ~ Pioriaontal
Cost#

571 606

571 540

-(.w.:f~ –__ . . ( 19K!W.---.-LLE!S.L 2. - 103 - 38 . .

2.5 - 69 82 . .

571 282 44 3. - 34 203 -.

3.5 0 324 . .

4. 35 445 16.8

511 253 90 4.5 69 566 14

5. 103 687 12.6

5.5 138 808 10.5

108 6, 172 929 9.5

6,5 207 I ,050 8,6

7> 241 1 ,170 .3

’225 7.5 276 1,291 7.4

n. 310 1,412 6.8

8.!I 345 1,533 6,5

. . . . . . . . . . . .— -—... . ..- .——. . . .

ABp.um@.Dr 11.1!OL w!. L@JFllt.i.o!, Cs!!!

$133,000 -. Verticsl Well

$657,000 -- 2,000 Foot Nori#ontal Well (inclodea vertical mection)

-.

17

13

11.5

9

8

7.5

7

6,5

6

5.8

5

4,8

4,5
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